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Abstract
The goal of this thesis was to evaluate the performance of Laser Shock
Peening (LSP) technology applied on open-hole aluminium specimens. Thin,
dog-bone specimens were LSP treated and subsequently tested. The obtained
results have not proven the advantage of LSP technology over traditional
residual stress insertion techniques around open-holes, such as split-sleeve
cold working.
Therefore, the focus of the activity was moved towards understanding
the causes of the observed fatigue life reduction and in the investigation of
alternative process setups that would, in fact, bring the wanted effect of the
increase of fatigue lives of treated specimens. It was demonstrated that the
sequence of operations, drilling the hole and LSP treatment, is very important
in the terms of encountered fatigue lives. The specimens for which the hole was
drilled after LSP treatment have shown a significant improvement in fatigue
lives, while the ones which were LSP treated with the hole already present
have shown decreased fatigue lives, in respect to the baseline specimens.
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CHAPTER 1
Introduction and Research Motivation
Higher performance of aircraft metallic components can be achieved intro-
ducing compressive residual stresses in the critical areas where high amplitude
stresses can be expected. Among the processes that introduce compressive
residual stresses in metallic structures, Laser Shock Peening (LSP) is an
emerging and a promising technique. The results presented in this thesis
illustrate the possibility of the application of LSP technology to thin-walled
structures, represented with thin open-hole specimens.
1
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1.1 Research Motivation
The results of the research that are presented in this thesis help to evaluate
the capability of the Laser Shock Peening (LSP) technology to improve fatigue
life in aeronautical structures by introducing compressive residual stresses
around fastener holes in thin-walled structures representative of typical aircraft
components. A possible advantage of LSP is that it can treat a larger portion
of material, potentially influencing the propagation of a crack, as well. In fact,
fatigue cracks can simultaneously nucleate on multiple sites of fastener holes
under applied loads and unite quickly causing possible catastrophic failure of
the structure, Figure 1.1.
Figure 1.1: Fatigue damage on multiple sites of a lap joint
The results of the experimental campaign reported in this work permit
to compare LSP technology with cold working and stress wave technology,
applied on a specimen with same dog-bone geometry and same material,
aluminium alloy 7075-T73 [1].
Unfortunately, the limited number of available specimens (19 in total)
made it difficult to evaluate in an exhaustive way the effect of the sequence
of operations on the specimens. The idea was to perform LSP both on the
open-hole specimens and on the pristine ones, where the hole would be realized
after the LSP treatment: later on, a comparison between the compressive
residual stresses would tell if and how much of these stresses were released by
2
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the drilling after the LSP treatment. As a compromise, additional open-hole,
dog bone specimens were prepared in aluminium alloy 6082-T6 and were used
for the determination of the importance of the sequence of operations.
3
CHAPTER 2
Laser Shock Peening
Among the processes that introduce compressive residual stresses in metal-
lic structures, Laser Shock Peening is an emerging and a promising technique
for contrasting the fatigue related phenomena. In this chapter, a detailed
description of the LSP technology is given, together with its applications.
4
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2.1 LSP Technology
The LSP treatment produces mechanical shock waves by the means of high
pressure plasma (order of GPa) created on the surface of the treated specimen,
as the consequence of high-power density laser irradiation. Compared with
the more traditional methods for insertion of residual stresses, such as shot
peening, LSP can introduce compressive residual stresses underneath the
surface of the treated material that are several times deeper [2], thus having
an advantage in the terms of longer nucleation and initial propagation periods
of cracks present in mechanical components.
A detailed description of the LSP process can be found in [3], [4] and here,
a description of the principle of LSP is given (Figure 2.1):
Figure 2.1: Principle of LSP technology
• A high-power laser pulse is focused on the surface to be treated. The
surface itself is usually covered with an ablative layer (e.g. black paint)
over which runs a thin layer of water (tamping layer);
• The laser light pulse passes through the tamping layer and hits the
ablative layer;
• The ablative layer evaporates into the plasma state;
5
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• The plasma is prevented from rapid expansion by the tamping layer;
• The plasma expands rapidly and the plasma-tamping layer reacting
force causes a compression shock propagating into the metal
The volume affected by the shock wave is plastically strained during
its propagation, Figure 2.2a. The surrounding material is opposed to this
straining and therefore biaxial compressive residual stresses on a plane parallel
to the surface develop, Figure2.2b [5].
Figure 2.2: Principle of the generation of compressive residual stresses with
LSP
The process is considered mechanical and not thermal, since the interac-
tion times between plasma and workpiece are of the order of magnitude of
nanoseconds, thus not allowing significant heat exchange.
2.2 Experimental Setup of LSP
2.2.1 Types of laser used
In most LSP processes, laser beams are produced by a Q-switched laser
system based on a neodymium-doped glass or yttrium aluminium garnet
(YAG) crystal lasing rod, which operates in the near infrared, having a
wavelength of 1064 nm and a pulse duration of 10100 ns. For shock peening
6
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in water confinement, the laser light should pass the water layer without
significant absorption. If centimetre-sized areas need to be treated, the
laser should be able to generate tens of Joules in nanoseconds. In fact,
these requirements are met economically at 1064 nm Nd:YAG, Nd:glass, and
other neodymium ion lasers whose overall energetic efficiency reaches tens of
percents.
In case of laser peening without protective coating (LPwC), bare metal
surfaces reflect most of the 1064 nm light, and shorter wavelength lasers are
needed: frequency doubled Nd:YAG (532 nm) and copper vapour laser (510
nm). The absorption of light in water is also lower at these wavelengths.
Because relatively low energy impacts are used (40–250 mJ), commercial low
cost laser systems are applicable.
Figure 2.3 shows laser system used in the experimental part of this thesis.
Figure 2.3: Laser used for LSP applications in this thesis
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2.2.2 Laser parameters
In LSP, the laser parameters have the largest influence on the peak
pressure developed on the surface of the treated material and therefore the
characteristics of the resulting residual stresses. It is important to define:
laser wavelength: different peak pressure are developed at different wave-
lengths (for t=25 ns: λ=1.064 µm:5 GPa, λ=0.532 µm:4.5 GPa, λ=0.355
µm:3.5 GPa).
laser power density: compressive stresses increase with the increase of
laser power until certain value, when material damage occurs and no
beneficial effects are present.
laser impulse duration time: reducing the pulse duration reduces the
depth of the compressive residual stresses through the thickness.
laser impulse frequency: technological parameter - higher the frequency
lower the necessary treatment times.
laser spot dimension: superficial residual stresses increase with the size of
the impact and decrease with the plastically affected depth
transparent overlay and coating the overlay is necessary to direct plasma
towards the surface to be treated and increase its efect; the coating can
be a black paint or aluminium foil or the treatment can be executed in
the LPwC mode [6]
laser spot overlapping: increasing the number of layers increases the value
of compressive residual stresses until saturation
8
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Laser Wavelength
There are three wavelengths use of most commonly in LSP processes,
1064 nm (near infrared), 532 nm (green) or 355 nm (ultraviolet). The near
infrared wavelength has only a modest absorption coefficient in a water overlay,
sufficient interaction with the metal surface and a high dielectric breakdown
threshold, while the green wavelength has the lowest absorption in a water
overlay.
The results in [7] indicate that, when the laser power density was increased,
the pressure produced by a laser pulse with wavelengths in the green and
ultraviolet had a similar profile to that generated with a wavelength in the
infrared. In addition, the pressure produced by a laser pulse with a wavelength
in the infrared, corresponding to a laser power density of 10 GW/cm2, was
saturated at 5.0 GPa with the water-confined mode. But saturated pressure
at ultraviolet and green wavelengths occurred at lower laser power densities
than at infrared wavelength. Moreover, the pressure durations with ultraviolet
wavelength decreased more strongly than with IR wavelength. Therefore,
the breakdown plasma in a water-confined mode was favoured by shorter
wavelengths. Although metals can be highly reflective of light, keeping the
constant laser power density and decreasing the wavelength from infrared
to ultraviolet can increase the photonmetal interaction enhancing shock
wave generation. However, the peak plasma pressure may decrease because
decreasing the wavelength decreases the critical power density threshold for
a dielectric breakdown, which in turn limits the peak plasma pressure. The
dielectric breakdown is the generation of plasma not on the material surface,
which absorbs the incoming laser pulse, limiting the energy to generate a
shock wave.
In Figure 2.4, the decrease in the wavelength from infrared to green
9
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reduces the dielectric breakdown threshold from 10 to 6 GW/cm2, resulting
in maximum peak pressures of approximately 5.5 and 4.5 GPa, respectively.
Figure 2.4: Peak plasma pressures as a function of different wavelengths
Laser Power Density and Impulse Duration Time
In Figure 2.5, the dependences of the peak pressure on laser energy density
and pulse duration are illustrated. Figure 2.6 shows the temporal distribution
of laser pulse and the resulting pressure pulse.
According to results in [5], the pressure pulse decay time is much slower
than for the laser pulse because of plasma confining effects.
This corresponds well to the input parameters presented in [8], where
measured experimental pressure durations were 6-7 ns for 2-3 ns laser pulses,
20-25 ns for 10 ns laser pulses and 45-50 ns for 20-25 ns laser pulses.
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Figure 2.5: Peak plasma pressures as a function of different pulse durations
Figure 2.6: Experimentally measured pressure pulse, compared with the laser
pulse
Transparent overlay and coating
The area to be treated on a part is locally covered with two types of
overlays: an opaque overlay, opaque to the laser beam, placed directly on the
11
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surface of the part, and over this a transparent overlay, transparent to the
laser beam. The opaque overlay can be any material opaque to the laser beam;
a black coating or an aluminium tape is commonly used. The transparent
overlay can be any material transparent to the laser beam; water is commonly
used.
The transparent overlay traps the thermally expanding vapor and plasma
against the surface of the workpiece, and consequently causes the pressure
to rise much higher than it would if the transparent overlay were absent.
This effect is illustrated in Figure 2.7 in which can be seen that the plasma
pressure amplitude in water is 4-10 times greater than that in air and its
duration is two to three times more compared to the laser pulse duration.
Figure 2.7: Plasma pressures at laser shocks in air and in water near a solid
boundary
The sudden, high pressure against the surface of the workpiece causes
a shock wave to propagate into the material. If the peak stress of this
12
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shock wave is above the dynamic yield strength of the material, the material
yields and plastically deforms. As the stress wave propagates deeper into
the material, the peak stress of the wave decreases, but deformation of the
material continues until the peak stress falls below its dynamic yield strength.
An application of the method exists where no ablative layer is used (Laser
Peening without Coating, LPwC [6]), and the laser beam is fired directly to
the treated specimen. In this case, it is the superficial zone of the specimen
that becomes plasma, but considering that the size of the laser beam is smaller
in respect to the application where protective coating (ablative layer) is used,
no damage is incurred to the treated object. An experimental arrangement
used in laboratory studies of LPwC is illustrated in Figure 2.8.
Figure 2.8: Laboratory setup for LPwC applications
2.3 Laser Shock Peening vs Shot Peening
A traditional surface treatment technique, shot peening (SP), has been
effectively and widely applied in industry. In an SP process, metal or ceramic
balls that are shot on the surface of the specimen to be treated make a small
13
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indentation or dimple on the metal surface on impact. A compacted volume of
highly shocked and compressed material can be produced below the dimple. A
thin uniform layer provided by overlapping dimples can be extremely resistant
to initiation and propagation of cracks as well as corrosion, protecting the
peened area.
The advantages of SP are that it is relatively inexpensive, using robust
process equipment and it can be used on large or small areas as required. But
it also has its limitations.
• In producing the compressive residual stress, the process is semi-
quantitative and is dependent on a metal strip or gauge called an Almen
type gauge to define the SP intensity. This gauge cannot guarantee
that the SP intensity is uniform across the component surface.
• The compressive residual stress is limited in depth, usually not exceeding
0.25 mm in soft metals such as aluminium alloys and less in harder
metals.
• The process results in a roughened surface, especially in soft metals like
aluminium. This roughness may need to be removed for some applica-
tions, while typical removal processes often resulted in the removal of
the majority of the peened layer.
In comparison, an LSP process can produce a compressive residual stress
more than 1 mm in depth, which is about four times deeper than the traditional
SP process. In addition, an SP process may damage the surface finish of
metal components and can easily cause distortion of thin sections, while in
LSP, the treated surface of the component is essentially unaffected, especially
in the case of non direct ablation. The LSP process is a better and more
effective way to achieve the same outcome with less disadvantages. Moreover,
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as the laser pulse can be adjusted and optimised, the process can be more
efficient in application. Regions inaccessible to SP, such as small fillets and
notches, can still be treated by LSP. Despite the fact that the use of the LSP
process is much more expensive than the SP process, some manufacturers
still endeavour to use LSP to treat some critical metal components such as
engine blades for aircrafts.
2.4 LSP Technology Applications
Since its beginning in the 1960s, LSP technology has been used for a wide
variety of applications:
• Nuclear reactors, for contrasting the stress corrosion cracking (SCC)
problems, developed by Toshiba in Japan
• Friction stir welded joints, used for mitigating the problem of tensile
residual stresses in the weld bead, developed by NASA in USA
• Turbine engines fan blades, as a method of contrasting the foreign object
damage (FOD) problems
• Wing attachment lugs in US Air Force F22 Raptor, prone to crack
formation an potential premature fatigue failure
• Components of helicopter rotors subject to high fatigue loads
• Biomedical applications, for the improvement of wear properties of hip
an spinal implants.
The examples illustrated in Figures Figure 2.9-2.11 show some of the
aeronautical applications of LSP technology.
15
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Figure 2.9: LSP treatment of turbine blades
The application of LSP on thin structures is currently limited to materials
such as steel or titanium, while LSP treatment of aluminium is very limited.
This is probably due to reduced materials properties of aluminium in respect to
the two aforementioned materials, so it is necessary to select LSP parameters
very carefully in order to obtain the same effect found with steel or titanium.
The work presented in this thesis aims to contribute to better under-
standing of LSP, in particular its application on open-hole thin aluminium
specimens.
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Figure 2.10: LSP treatment of F22 wing attachment lugs
Figure 2.11: Helicopter components treated with LSP
17
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Residual Stress Measurement
Because of the common presence of residual stresses in aerospace struc-
tures and their considerable contribution to fatigue properties of a material,
they need to be taken into account during the design of mechanical compo-
nents. Therefore, the correct characterization of residual stresses is of great
importance. This chapter describes the most used methods for residual stress
characterization
18
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3.1 Residual Stresses
Residual stresses are stresses present in a mechanical component when
all external loads are absent. These stresses are self balanced, meaning that
they do not contribute to external equilibrium of a component. In general,
these stresses are caused by non-homogeneous plastic deformation, which can
be caused by:
• External loads
• Thermal expansion and contraction
• Phase transformation
Residual stresses can be classified according to the magnitude level on
which they are present:
• First type: macro-stresses on the level of several grains
• Second type: micro-stresses on the level of a single grain
• Third type: stresses that exist inside a grain as a result of crystal
imperfections within the grain (some atomic distances)
The residual stresses that are of practical interest are stresses of the first
type, since the influence of the stresses of second and third type on fatigue
life of a component can be neglected when compared to the influence of the
stresses of the first type. Figure 3.1 [9] shows the principal causes of macro-
and micro-stresses.
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Figure 3.1: Different types of residual macro and micro residual stress
3.2 Residual Stress Measurement Methods
Many technological processes introduce residual stresses in mechanical
components. These residual stresses can have negative effects on the perfor-
mance of structures by influencing fatigue life and fatigue crack propagation
significantly. Some of these processes, however, are executed intentionally
in order to introduce a favourable state of residual stress and one of these
processes is Laser Shock Peening technology, investigated in this thesis.
Because of the common presence of residual stresses and their considerable
contribution to fatigue behaviour of a material, they need to be taken into
account during the design of mechanical components. Therefore, the correct
characterization of residual stresses is of great importance.
In Figure 3.2 [10], the efficiency of different residual stress measurement
methods is illustrated, in the terms of the depth of the residual stresses that
can be measured, related to the measurement techniques, processes that
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introduce residual stresses and correspondent fatigue phenomena.
Various techniques for characterizing residual stresses exist, and usually
they are divided in:
• Destructive methods, such as sectioning, slitting etc.
• Non-destructive methods, such as X-ray and neutron diffraction, mag-
netic methods, ultrasound methods etc.
• Partially destructive methods, such as hole drilling in which only a
small portion of a material is removed
The residual stress measurement methods described in the following text
are the most widespread ones. Diffraction and hole drilling methods were
given particular attention, since these two methods have been used for residual
stress measurement in this thesis.
3.2.1 X-ray Diffraction
The measurement of residual stress by diffraction relies on the relationship
between the wavelength of the radiation, the distance between selected lattice
planes in a crystalline material, and the angle, at which the radiation is
scattered coherently and elastically by the correctly oriented crystal lattice
planes. This relationship can be expressed by Bragg’s law
nλ = 2d sin θ (3.1)
where n is an integer, λ is the wavelength of incident wave, d is the
spacing between the planes in the atomic lattice, and θ is the angle between
the incident ray and the scattering planes, Figure 3.3.
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Figure 3.2: Depth ranges of residual stress measurement techniques
Stresses present inside a material create strains and, therefore, variations
in the interplanar distance d. For a small variation of d, the angle θ given by
the Bragg’s law will undergo a certain change:
∆d
d
= − cot θ∆θ (3.2)
The residual stress determined using x-ray diffraction is the arithmetic
average stress in a volume of material defined by the irradiated area, which
may vary from square centimeters to less than a square millimeter, and the
depth of penetration of the x-ray beam. The linear absorption coefficient of
the material for the radiation used governs the depth of penetration. For the
22
Chapter3. Residual Stress Measurement
Figure 3.3: Diffraction in a crystalline material
techniques commonly used for iron, nickel, and aluminum alloys, 50% of the
radiation is diffracted from a layer less than 5 µm deep.
Because the x-ray penetration is very shallow (< 10 µm), a condition of
plane-stress is assumed to exist in the diffracting surface layer. The stress
distribution is then described by principal stresses σ11, and σ22 in the plane
of the surface, with no stress acting perpendicular to the free surface, shown
in Figure 3.4. The normal component σ33 and the shear stresses σ13 = σ31
and σ23 = σ32 acting out of the plane of the sample surface are zero. A strain
component perpendicular to the surface, 33, exists as a result of the Poisson’s
ratio contractions caused by the two principal stresses.
The strain in the sample surface at an angle φ from the principal stress
σ11 is then given by:
φψ =
( ν
E
)
σφsin
2ψ −
( ν
E
)
(σ11 + σ22) (3.3)
Equation 3.3 relates the surface stress σφ, in any direction defined by the
angle φ, to the strain, φψ, in the direction (φ, ψ) and the principal stresses in
the surface. If dφψ is the spacing between the lattice planes measured in the
direction defined by φ and ψ, the strain can be expressed in terms of changes
in the spacing of the crystal lattice:
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Figure 3.4: Plane stress condition on the measured surface
φψ =
∆d
d0
=
dφψ − d0
d0
(3.4)
where d0 is the stress-free lattice spacing. Substituting into Equation 3.3
and solving for dφψ:
dφψ =
[(
1 + ν
E
)
(hkl)
σφd0
]
sin2ψ −
( ν
E
)
(hkl)
d0 (σ11 + σ22) + d0 (3.5)
where the appropriate elastic constants (1 + ν/E)(hkl) and (ν/E)(hkl) are
now in the crystallographic direction normal to the (hkl) lattice planes in
which the strain is measured. Equation 3.5 gives the relationship between
lattice spacing and the biaxial stresses in the surface of the sample. The
lattice spacing dφψ, is a linear function of sin
2ψ.
The sources of error of primary importance in engineering applications
may be placed in three categories: sample dependent errors, analytical errors,
and instrumental errors.
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Sample dependent errors may arise from an excessively coarse grain size,
severe texture, or interference of the sample geometry with the x-ray beam.
Both surface and subsurface stress gradients are common in machining and
grinding, and may cause errors as high as 500 MPa, even altering the sign of
the surface stress. Corrections can be made for penetration of the x-ray beam
into the subsurface stress gradient using electropolishing to remove layers
in fine increments on the order of 5-10 µm. Electropolishing for subsurface
measurement will cause stress relaxation in the layers exposed. If the stresses
in the layers removed are high and the rigidity of the sample is low, the
relaxation can be on the order of hundreds of MPa.
Analytical errors may arise from the validity of the stress model assumed,
the use of inaccurate elastic constants, or the method of diffraction peak
location.
Instrumental errors arise from the misalignment of the diffraction appara-
tus or displacement of the specimen. Sample displacement from the center of
the goniometer is the primary instrumental error.
3.2.2 Neutron Diffraction
The significant advantages of neutron diffraction over other methods are
the high penetration depth in engineering materials and a scattering angle near
to 90o. This latter property allows strain data to be collected essentially from
the same sampling volume in three perpendicular specimen directions. The
limitations of neutron diffraction method are low particle flux compared for
example to the synchrotron X-ray method and the fact that beam divergence
does not generally allow a very precise definition of the gauge volume . If
high resolution is needed or if the specimen are thick, the data accumulation
takes a long time.
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3.2.3 Synchrotron diffraction (hard X-rays)
Hard high-intensity X-rays from synchrotron sources allow fast measure-
ments at greater depths comparable with those reached by neutron diffraction.
However, due to the low scattering angles in synchrotron radiation X-ray
diffraction experiments, the gauge volume is strongly elongated making the
spatial resolution low in at least one of the three perpendicular sample direc-
tions. Therefore, the application of this technique is limited to cases where
the stress state is essentially biaxial within the surface plane.
At a synchrotron facility, electrons are usually accelerated by a synchrotron,
and then injected into a storage ring, in which they circulate, producing
synchrotron radiation, but without gaining further energy. The radiation is
projected at a tangent to the electron storage ring and captured by beamlines,
Figure 3.5. These beamlines may originate at bending magnets, which mark
the corners of the storage ring; or insertion devices, which are located in the
straight sections of the storage ring. The spectrum and energy of X-rays
differ between the two types. The beamline includes X-ray optical devices
which control the bandwidth, photon flux, beam dimensions, focus, and
collimation of the rays. The optical devices include slits, attenuators, crystal
monochromators, and mirrors. The mirrors may be bent into curves or
toroidal shapes to focus the beam. A high photon flux in a small area is the
most common requirement of a beamline. At the end of the beamline is the
experimental end station, where samples are placed in the line of the radiation,
and detectors are positioned to measure the resulting diffraction, scattering
or secondary radiation. In the case of the work done in this thesis, a MCX
beamline at Elettra Trieste was used for the residual stress measurement of
the specimens treated with LSP tecnology.
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Figure 3.5: Beamlines present at the Italian Synchrotron facility Elettra
Trieste
3.2.4 Hole Drilling Method
The hole drilling method, described in ASTM Standard E837 (Figure
3.6), is considered to be a semi-destructive technique of the measurement of
residual stresses. It is executed by introducing a hole at the centre of a strain
gauge rosette, which is connected to the test specimen. The measurements are
performed at various depths, recording the strain values along the thickness
of the specimen. The local changes in strain due to introduction of the
hole are measured and the relaxed residual stresses are computed from these
measurements.
The hole-drilling method is generally considered semi-destructive, since
the drilled hole may not noticeably impair the structural integrity of the part
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being tested. Depending on the type of rosette gauge used, the drilled hole is
typically 1.5 or 3.0 mm, both in diameter and depth. In many instances, the
hole can also be plugged, if necessary, to return the part to service after the
residual stresses have been measured.
Figure 3.6: Hole drilling ASTM standard E837
The technique is only suitable in cases where:
• The material is isotropic and follows a linear stress-strain behaviour.
• Stresses do not vary significantly with depth. If the stresses vary with
depth the measured stress relief is an average between the stress at
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the top and the stress at the bottom of the drilled hole. In such cases,
different methods can be used in order to reduce the incurred error
through mathematical techniques (integral method, power series method,
spline method).
• The relieved stresses are about 50% of the yield strength of the material.
If the relaxation of stresses around the drilled hole exceeds the yield
strength of the material, an error due to plasticity will be induced
as the equations used by the hole drilling method assume only linear
elastic behaviour. Different techniques to help overcome this problem
of plasticity exist, like using correction fctors that take into account the
plasiticy effects.
• Stresses act parallel to the surface measured as the elasticity theory
used assumes a two-dimensional stress pattern.
• No stresses are introduced through the introduction of the hole and that
the hole is drilled at the concentric centre of the strain gauge rosette.
When the hole is drilled without eccentricity the residual stresses can
be calculated to within 3% of the actual value. Positioning of the
hole closer to one arm of the rosette than the others will result in an
overestimation of stress in that direction. In cases where eccentricity
does occur errors in the range of 20% - 30% are obtained [11].
Disadvantages of hole-drilling technique include:
• Moderate strain gauge sensitivity - it is less than that of other techniques
such as the compliance method and the X-ray diffraction technique.
• Ability to only measure stresses which are close to the surface of the
sample.
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• Complicated resolution of the internal stresses in situations where
stresses are not uniform with hole depth and where they approach the
yield strength of the material.
3.2.5 Ultrasonic and Magnetic Method
Other non destructive techniques commonly used are ultrasonic method,
based on variations in the velocity of ultrasonic waves, that can be related to
the residual stress state, and magnetic method, which application is limited
to the ferromagnetic materials only.
3.2.6 Ring Core Method
The ring core method for the measurement of residual stresses is a variation
of the hole drilling method. It is a mechanical strain gauge technique used to
determine the principal residual stresses as a function of depth in materials,
where linear elastic theory can be assumed (metal, ceramics, polymers). The
annular groove needed to release the stresses can be machined with a suitable
mechanical dissection device, removed by electrolytic polishing or by electrical
discharge machining. Strain gauge rosettes are usually used to measure the
relieved strains on the surface of the cylindrical core. The schematic setup of
the method is given in Figure 3.7.
3.2.7 Contour Measurement Method
The contour method has been developed by M. B. Prime at Los Alamos
National Laboratory [10]. The determination of the residual stress variation
with depth is performed by successive extension of a slot or cut in the plane
where residual stress is to be determined and measurement of the resulting
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Figure 3.7: Ring core method for residual stress measurement
strains. The specimen is cut with electric discharge machining (EDM) and
the resulting displacements out of the cut surface, due to the relaxation of
the residual stress are measured with laser scanning or touch trigger probe.
Later, the measured displacements are compared to the flat original surface
contour analytically, and the residual stress field is calculated. Figure 3.8
shows a schematic setup of the method, together with an image of a specimen
used for contour measurement of residual stresses.
Electric discharge machining makes a cut without applying any forces,
which minimizes the clamping force required to secure the specimen. For wire
EDM, the location and depth of cut can be controlled precisely and cutting
can be resumed in most cases after rethreading the wire if it breaks. For
near surface measurement on a curved surface, conventional EDM is uniquely
qualified to make a cut of nearly uniform depth, using a sheet of electrode
that has a profile matching the curved surface. Because the electrode wears
out gradually during cutting, the measurement of cut depth needs to be
calibrated carefully for a given material and a given set of cutting conditions.
The use of EDM has two main limitations:
• It only cuts electrical conductive materials
• It is not portal for field applications
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(a) Crack compliance residual stress measurement setup
(b) Specimen used for crack compliance measurement
Figure 3.8: Crack compliance residual stress measurement
There are two situations that require special attention during measure-
ments. When a thin cut is made by a wire through a region of high compressive
stress, the deformation due to releasing the stress may be so large that the
faces of cut become in contact, which invalidates the assumption of the super-
position principle. This situation can be corrected easily by cutting backward
to remove the material in contact. On the other hand, a thin cut in a region
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of high tensile stress may initiate crack propagation near the tip of the cut,
which terminates the test prematurely. In spite of these limitations, EDM
remains the best method for making a high precision cut of progressively
increasing depth for electrical conductive materials. For other materials,
however, a mechanical method of cutting has to be considered [12].
3.2.8 Sectioning Method
The sectioning method is based on the principle that internal stresses are
relieved by cutting the specimen into strips. The sectioning method consists in
making a cut on an instrumented plate in order to release the residual stresses
that were present on the cutting line. The residual stresses are determined
by measuring strain before and after the sectioning and applying the Hooke’s
Law.
The cutting process used should not introduce plasticity or heat, so that
the original residual stress can be measured without the influence of plasticity
effects on the cutting planes surface. The method is best applied on specimens
where the longitudinal residual stresses are important in one direction alone.
Figure 3.9 shows the application of the sectioning technique.
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Figure 3.9: Sectioning method of residual stress measurement
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Experimental Evaluation of LSP Treatment of Open-hole
Specimens
The research programme presented in this chapter aims at evaluating the
capability of the LSP to improve fatigue life in aeronautical structures by
introducing compressive residual stresses around fastener holes in thin-walled
structures representative of typical aircraft components.
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4.1 Specimen preparation
The specimens used for the present research were dog-bone specimens,
obtained from 2.3 mm thick lamina for Al 7075-T73 (Figure 4.1).
Figure 4.1: Geometry of the specimen
The specimens were realized using a CNC milling machine at the laboratory
of the Second Faculty of Engineering of the University of Bologna, Forl`ı
campus.
4.2 Experimental campaign programme
The limited number of available specimens (19 in total) made it difficult to
evaluate in an exhaustive way the effect of the sequence of operations on the
specimens. The idea was to perform LSP both on the open-hole specimens
and on the pristine ones, where the hole would be realized after the LSP
treatment: later on, a comparison between the compressive residual stresses
would tell if and how much of these stresses were released by the drilling after
the LSP treatment.
The choice was to use the specimens with open hole + LSP operation
sequence, because of suspected release of residual stresses in case of LSP
+ open-hole sequence of operations. It was deemed that LSP + open-hole
set-up would potentially produce inferior fatigue behaviour.
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The specimens were divided for different purposes, as summarized in Table
4.1. The total number of specimens in the table is 18 (one has been used for
optimization of the process, so it does not figure in the table).
Material Specimen N Treatments RS Measurements Tests
7075-T73 Open hole 15 LSP Synchrotron Fatigue
7075-T73 Open hole 3 LSP X-ray Propagation
Table 4.1: Research programme
4.3 Laser shock peening treatment
4.3.1 Optimization of the LSP set-up
When it comes to LSP treatment of thin aluminium specimens, a very
limited number of published works exists [13], [14]. This may be due to the
fact that high energy lasers that are generally used for the LSP treatment
(usually applied on titanium and steel) are not suitable for treatment of thin
alumimium sheets without previous optimization of the process. Therefore,
in order to avoid detrimental effects of the treatment on an Al specimen, it is
important to chose carefully the setup of the process.
Fortunately, the laser used for LSP treatment for this experimental activity
has a relatively low output energy, and it is particularly suitable for treatment
of thin Al specimens. In addition, the experience of the researchers of Centro
Laser in the application of this technology on thin Al sheets [15] made it
possible to identify quite easily the right parameters for this research activity.
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4.3.2 Coating
There are two basic approaches in LSP technology: direct (without ab-
sorbent coating) and indirect ablation (with absorbent coating). The ablative
layer has the function of protecting the surface of the treated specimen, since
the direct exposition to the high temperature plasma can produce surface
damage and increase surface roughness. The major difference between direct
and indirect ablation lies in the fact that when no coating is used, the only
way to avoid large surface damage is to use lower laser powers combined with
very small impact size and high density of impacts, increasing the overlapping
of the laser peen spots [6].
Given the fact that the laser available has a relatively small output
energy, the best setup for the laser is the one with small peen diameter and
consequently a high overlapping rate. This fact lead to the decision to work
in a direct ablation mode, since the great overlapping would increase both
the costs and the time of the procedure if the protective painting needed to
be applied after every shot.
4.3.3 Laser parameters
Laser type Wavelength Output energy Pulse duration Laser frequency
[nm] [J] [ns] [Hz]
Nd-YAG 1064 2.8 (10% loss) 9 10
Table 4.2: The settings of the used laser
Table 4.2 shows the settings of the laser currently in use by Centro Laser
for laser shock peening treatment. It was not possible to set these parameters
so only the following were optimized:
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The spot size chosen was 1.5 mm in diameter. There are two main reasons
for using such a small spot:
• in order to obtain relatively high laser power densities (I0 usually ex-
pressed in the terms of GW/cm2) necessary for successful LSP treatment,
small beam spot surface is required, given the relatively low laser energy.
• the absence of a protective layer (coating) doesn’t permit the use of large
spots because this could damage the surface of the treated specimen.
The spot was measured with a profile projector (Figure 4.2) and the results
showed that it was not perfectly circular, having an elliptic shape with the
two main dimensions of 1.5 mm and 1.2 mm. This inhomogeneity can be
attributed to the laser source-specimen beam delivery optical system, and it
is not considered to affect the quality of the treatment.
Figure 4.2: Measurement of the spot size
Given the relatively small peen diameter, the amount of residual stress
is not as high as it would be with a larger one. Considering this fact it was
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necessary to set the appropriate density of laser peens (overlapping rate)
in order to obtain significant residual stresses on the surface of the treated
specimen. The overlapping rate was indeed optimized for this purpose and
based on the results of other experimental activities on other Al alloys, it was
decided to try two different settings:
• 625 spots per cm2
• 900 spots per cm2
Previous experimental activities on Al alloys performed at Centro Laser have
shown that the optimum range lies between these two values: spot densities
under 625 spots per cm2 would not introduce significant residual stresses in
the material, while increasing the spot density over 900 spots per cm2 could
cause excessive deformation of the specimen or even significant damage to
the surface of the specimen. Both of the treatments were performed on the
same specimen and on one side only, serving for purposes of residual stress
measurement.
Figure 4.3: LSP treatment on optimization specimen
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Figure 4.4: LSP treated specimen for optimization of the overlapping rate
Figure 4.3 shows the LSP process: the laser beam can be seen in spite
the fact that the laser is operating in the invisible infrared regime; this is
due to dispersed water particles of the overlay that interact with the laser
beam causing dielectric breakdown of the water. In Figure 4.4, the specimen
after the LSP treatment can be seen. It is interesting to observe in the figure
the pattern of the laser beam together with the spot orientation (black lines
and ellipsis), as well as the entering and exiting point of the beam. These
points are a feature of the used laser and the inhomogeneity introduced is
obviously undesirable for subsequent fatigue tests purposes. However, it can
be easily avoided by starting and finishing the laser beam pattern outside the
specimen.
4.3.4 Specimen fixing
When a thin panel is laser peened, it is usually fixed to a immovable
backing plate or a working table, often in combination of some kind of damping
material, in order to prevent the unwanted wave reflection on the back side
of the plate [16].
Anyway, for the in-service laser peening, having a back plate would
increase the number of operations to perform for the treatment (therefore
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increasing costs and production time). Moreover, thin specimens are subjected
to deformation in the peened zone, so they must be fixed very rigidly to
the backing plate in order to avoid vibrations. This rigid fixing can cause
undesirable local variation in residual stresses introduced in the specimen.
In order to avoid fixing problems without encountering undesired wave
reflection, no backing plate was used (Figure 4.5) in combination with a short
impulse times that in fact ensure less shock reflection.
(a) Front view (b) Top view
Figure 4.5: Fixing of the 7075-T73 specimen for the LSP treatment
When laser treating the specimen on one side only, its bending was very
clearly visible (Figure 4.6(a)): this is obviously unacceptable. However, it is
planned to treat the specimen on both sides in order to ensure the symmetry
of the stress field. So, after shooting on both sides, the specimen re-established
its original shape (Figure 4.6(b)).
42
Chapter4. Experimental Evaluation of LSP Treatment of Open-hole
Specimens
(a) After LSP treatment on one side
(b) After LSP treatment on both sides
Figure 4.6: Bending of the 7075-T73 specimen after the LSP treatment
4.4 Residual stress measurements and results
4.4.1 Hole drilling
The specimen was used for hole drilling measurement of residual stresses
[17]. This is considered to be a semi-destructive technique of residual stress
measurement, since the relaxation of stresses is performed by drilling a small
hole (easily reparable) in the center of a strain gauge rosette (Figure 4.7).
Based on the registered strain data, it is possible to reconstruct the residual
stress profile in the depth of the specimen. The downside of this method is
that its use on thin specimens is limited and after certain depths, correction
formulas need to be applied in order to obtain an accurate estimation of
residual stresses present in the material. The experimental set-up of the hole
drilling measurement is shown in Figure 4.8.
The results of the residual stresses measurement can be seen in Figure 4.9.
The hook-shaped profile of residual stresses could be explained by:
• The LSP treatment was realized in a direct ablation mode, where no
thermal protective material is used. In this case, there is a thermal
effect on the surface of the specimen and as a result, tensile stresses may
occur after cooling of the material reducing the amount of compressive
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(a) LSP treated specimen with attached
strain gauges
(b) Detail: strain gauge rosette used
Figure 4.7: Specimen used for optimization of LSP parameters
Figure 4.8: Hole drilling measurement
residual stresses.
• The spot dimension and its circular shape affect the distribution of
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Figure 4.9: Hole drilling measurement results for the two different spot
densities
residual stresses. Such a small spot dimension creates a spherical shock
wave (while a bigger one would create a planar one), with a complex
shock wave interaction at the surface of the specimen that could affect
the compressive residual stress in this area. This effect could be avoided
or reduced by using a different spot shape (eg. square), unfortunately
with the laser at our disposal this was not possible. Another way to
look at the same phenomenon is that the stress distribution profile is
very similar to the one obtained with shot peening treatment (even
though much more deeper), where small diameter spheres are shot at
the surface of the specimen. It can be assumed that a similar effect is
produced by small circular laser spots.
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• The accuracy of hole drilling method is limited when applied on thin
specimens, therefore the measurement could be affected by this inaccu-
racy.
It can be noted that even though the setting with 625 spots per cm2 causes
deeper compressive residual stresses than the 900 spots per cm2 setting (0.6
mm vs 0.45 mm), the maximum induced residual stresses are lower (229 MPa
vs 332 MPa).
It is important to consider that the hole drilling method is accurate only
near the surface, so the measured depth of compressive residual stresses might
be not so accurate, considering the low thickness of the specimen. Therefore,
it is deemed better to base the settings on the value of the residual stress
(closer to the surface), more than on the reached depth of compressive residual
stresses. Moreover the compressive residual stresses at the edge of the hole
delay crack nucleation: the higher in amplitude are these residual stresses,
the more pronounced this delay is.
Given all these considerations, the set-up of 900 spots per cm2 was the
one chosen.
4.4.2 X-ray
X-ray measurement of residual stresses has been performed at The Open
University, UK. In this case, it was possible to determine the amount of
residual stresses around the hole, as well. Results presented in Figure 4.10 are
relative to residual stresses measured on the surface of the material. What
is important to notice is that the effect of bending of the specimen, seen in
Figure 4.6 is encountered also by observing the residual stresses measured
on the two sides of the specimen. The assumption that, after treating the
specimens on one side and then on the other, the residual stresses would be
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symmetric has proven to be erroneous. In fact, an inhomogeneity has been
encountered that could be the cause of secondary bending of the specimen
and lead to the premature failure of the specimen.
Since it is very difficult to measure the in-depth residual stress distribution,
more measurements are currently being performed at the Open University
with the contour method, which ideally should be able to give the profile of
residual stresses along the thickness of the specimen. However it should be
noted that this procedure is not so reliable when applied to thin specimens.
4.5 Roughness measurement
Since it was decided to perform LSP in direct ablation mode, it is important
to control the state of the surface after the treatment. The thermal effect
could indeed damage the surface causing premature fatigue crack initiation
and this effect is certainly to be avoided.
Thanks to a confocal microscope (Figure 4.11), it was possible to obtain
a three-dimensional map of the roughness of the specimen in the LSP treated
zone and in the not treated one (Figure 4.12). The used microscope (Leica
DCM 3D) is capable of a contact-free analysis of the micro- and nanogeometry
of material surfaces to an accuracy of 0.1 nanometre.
There is an 82 µm drop in z-coordinate direction between the base material
(38 µm) and the LSP treated zone (-44 µm). This was expected since the
plasma pressure on the treated area reaches very high values (order of several
GPa) and the consequent plastic deformation is relevant. In addition, the
LSP treatment is performed in the direct ablation mode, so a certain quantity
of material was removed during the process. Nevertheless the increase in
roughness is of limited extension: from 1.1 to 3.6 µm which is surely lower
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(a) Measurement points
(b) Surface residual stresses
Figure 4.10: X-ray residual stress measurement results
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(a) Confocal microscope with the examined
specimen
(b) Confocal microscope with the examined
specimen - detail
Figure 4.11: Roughness measurement
than the roughness increase of a shot peened surface. That is why the negative
effect of the increased roughness due to LSP treatment is expected to be
limited as well. These statements are based on the observations reported
in [5]. Table 4.3 gives a comparison between mean (Ra) and peak (Rt)
roughness values: ones measured in this research activity and ones from [5].
The table shows that results relative to the roughness after LSP, obtained
in this research, are comparable to the ones reported in the literature. The
slightly higher values of the roughness measured in this research are probably
due to different laser settings and shot overlay.
Material condition Ra [µm] Rt [µm] Reference
7075 as milled 0.6 5.2
7075 LSP 3 shots 1.3 11 [5]
7075 SP 125% 5.7 42
7075 as milled 1.1 7.9 Present experimental
7075 LSP 900 shots/cm2 3.6 15.6 activity
Table 4.3: Comparions of roughness results
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Figure 4.12: 3D roughness map, the edge of the treated zone is shown
4.6 Fatigue tests and results
The specimens were prepared prior to fatigue tests by attaching additional
tabs to the clamped zone of the specimen in order to avoid fretting fatigue
damage. The maximum loads chosen for tests are selected in base of previous
work [1] in order to be able to make a direct comparison of different tech-
nologies. However, the results relative to LSP technology have turned to be
very disappointing, performing three times worse than the baseline in the
terms of fatigue lives of tested specimens at σmax of 160 MPa and R=0.1. In
order to exclude the roughness effects, the inner side of the hole was polished
with diamond paste and the test was repeated, but the obtained result was
practically the same. Finally, besides polishing the inner side of the hole, the
entire LSP treated region was polished to as-milled state (measured Ra = 0.4
µm), but there was still no change between the results. Figures 4.13 and 4.14
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show the surface state before and after polishing while Table 4.4 summarizes
the results obtained.
(a) Inner side of the hole before polishing (b) Inner side of the hole after polishing
Figure 4.13: Open hole surface condition
The fracture surfaces of the tested specimens are reported in Figure 4.15,
together with testing conditions (all tests at R=0.1) and fatigue lives obtained.
Four out of five fracture surfaces show a clearly visible step at mid-thickness,
which could possibly be attributed to a peak of tensile residual stresses present.
In fact, the residual stress measurements performed at Elettra Synchrotron
laboratory have registered a peak of tensile stresses at the mid-thickness of
the specimen at the edge of the hole, Figure 4.16, of 110.6 MPa. In order
to reach the measuring point it was necessary to cut the specimen in the
longitudinal direction and this may have caused some tension release.
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(a) LSP treated zone before polishing (b) LSP treated zone after polishing
Figure 4.14: LSP treated zone surface condition
Treatment Fatigue life (cycles) Difference
Baseline [1] 105 1x
LSP as treated 3.47x104 0.3x
LSP polished hole 3.45 x104 0.3x
LSP polished treated zone 3.21 x104 0.3x
Cold working [1] 6.5x105 6.5x
Stress Wave [1] 8.5x106 85x
Table 4.4: Fatigue lives with different open-hole treatments, at σmax=160
MPa and R=0.1
The fatigue tests were stopped after eight tests due to clear negative trend
of obtained results.
Since the effect of fatigue life increase was not encountered, it is important
to understand the causes of this result. Some of the possible causes of
encountered fatigue life decrease are:
• Increased roughness to be excluded, since polishing the inner side of
the hole and the entire LSP treated area did not produce any difference
in fatigue lives
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(a) As peened, σmax=200
MPa, failure 14504
(b) Polished hole,
σmax=140 MPa, fail-
ure 67276
(c) Polished hole, σmax=160
MPa, failure 34579
(d) Hole+LSP area polished,
σmax=180 MPa, failure
24135
(e) Hole+LSP area polished,
σmax=160 MPa, failure
32094
Figure 4.15: Fracture surfaces for different surface conditions
• Laser power density of a too high magnitude the measurement of
residual stresses on the LSP treated area without the hole did not
show any abnormalities or tensile stress peaks that might explain the
premature failure of tested specimens
• Spall damage This phenomenon can occur when a shock wave, reflected
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Figure 4.16: Measurement point in the mid-thickness of the specimen
from the free back side of the treated panel, intersects with the primary
shock wave. This effect can create a tensile zone in the intersection area
and can cause material damage. However, this effect is probably to be
excluded since laser pulse duration of 9 ns ensures reflections of elastic
waves only.
• As shown with the x-ray measurements, the residual stress field is not
symmetric. The symmetry could have been introduced by peening
on both sides simultaneously but in the present case, this was not
technically possible.
• The sequence of operation open hole + LSP might have caused peaks in
tensile stresses at the edge of the hole Laser and plasma interaction in
the presence of a sharp edge could have caused an effect of plasma lens,
in which the laser beam passes through the created plasma and is being
focused on the inner side of the hole. This phenomenon is illustrated
schematically in Figure 4.17.
The following paragraph deals in more detail with the sequence of opera-
54
Chapter4. Experimental Evaluation of LSP Treatment of Open-hole
Specimens
Figure 4.17: Plasma lens effect. a) Ideally, laser beam partially hits the edge
of the hole and partially passes through b) Plasma is created next to the edge
of the hole c) The created plasma ”spills” over the edge of the hole. d) Laser
beam, being focused by ”spilled” plasma towards the inner side of the hole,
creates a local tensile hot-spot.
tions as a possible cause of premature fatigue failure.
4.7 The effect of the sequence of operations
on the tested specimens
4.7.1 Introduction
Work done on the subject of the application of LSP treatment on thin,
open-hole specimens has proven that the LSP effect on fatigue life of treated
specimens can be detrimental, if the process is not properly optimized. In
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fact, it was shown that the capability of the LSP to introduce compressive
residual stresses around fastener holes in thin-walled structures representative
of typical aircraft constructions was not superior to the performance of
conventional techniques, such as cold-working.
This reduced performance of LSP can be attributed to different factors,
including the fact that the treatment was performed on the specimens with
an open-hole already present. It was shown that the effect of the presence of
the hole introduced unwanted tensile residual stresses at the inner side of the
hole, causing the premature fatigue failure of the specimens.
Therefore, in the absence of additional 7075-T73 specimens, an additional
experimental campaign on the specimens in 6082-T6 was defined in order to
highlight the importance of the sequence of operations, which are the drilling
of the hole and LSP treatment.
The use of 6082-T6 was a compromise solution, since it was believed that
the choice of material was not of a critical importance, since the comparison
between the residual stresses distributions to be made is of a qualitative nature.
Therefore, an alloy such as 6082, even if not widely used in aeronautical
application, was considered to be acceptable for the purpose of the current
investigation. Based on the experimental data coming from the 6082 campaign,
a preliminary information on qualitative behaviour can be extrapolated also
for 7075, but further experimental confirmation will be needed for 7075
specimens to be able to draw definitive conclusions.
4.7.2 Specimen preparation
Dog-bone specimens with the same geometry as in Figure 4.1, but in 3
mm thick Aluminium alloy 6082-T6 were prepared using a CNC machine
and subsequently LSP treated at the Polytechnic University of Madrid, using
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the laser with characteristics described in Table 4.2. The peen overlap was
in this case 625 peens on square centimeter. As in the previous case of the
specimens in 7075-T73, additional tabs were bonded to the clamped sides of
the specimens in order to avoid fretting fatigue damage.
4.7.3 Residual stress measurement - Synchrotron
A short visit to Elettra Synchrotron facility in Trieste has allowed to
measure residual stresses on the edge of the open hole, for the two different
types of specimens (hole before or after). The obtained results in Figures 4.18
and 4.19 are relative to the residual stresses close to the open hole, in the
longitudinal direction of the specimen i.e. the direction of the fatigue loading.
The graphs illustrate the distribution of crystal lattice spacing in dependence
of sin2ψ. In fact, the negative inclination of the interpolated line indicate the
presence of compressive residual stresses, as described by Equation 3.5.
It can be seen that the amount of compressive residual stresses is bigger in
the case where the open hole is drilled after the LSP treatment (-175.81 MPa
in respect to -117.68 MPa), giving the first indications on the positive effects
introduced by drilling the hole only after the LSP treatment has been made.
4.7.4 Experimental tests
The tests were performed at R ratio of 0.1 for maximum stress levels
ranging from 120 MPa to 160 MPa. Table 4.5 summarizes the results obtained,
while the same results can be seen graphically in Figure 4.20.
The first obvious results of this additional testing campaign is that drilling
the hole after the LSP treatment can indeed increase fatigue lives of treated
specimen. The obtained results clearly indicate that drilling the hole before
the LSP treatment deteriorates fatigue performance, while doing so after the
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Figure 4.18: Hole + LSP. Residual stress at the edge of the open hole.
LSP treatment can increase significantly fatigue lives of the specimens treated.
The practical implications of this result is that LSP can be a good solution
for ”in production” application, in which open holes are to be drilled after
the LSP treatment. The application in which LSP is used ”in service” has
proven to be impracticable due to negative effects on fatigue lives that were
encountered on the specimens with the hole already present.
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Figure 4.19: LSP + hole. Residual stress at the edge of the open hole.
σmax BL OH + LSP OH+LSP/BL LSP + OH LSP+OH/BL
MPa Cycles x104 Cycles x104 Difference Cycles x104 Difference
120 17.54 10.46 0.59 60.04 3.42
130 13.32 5.68 0.42 18.16 1.36
140 6.58 5.41 0.82 16.08 2.44
150 7.87 3.87 0.49 14.25 1.80
160 3.99 2.62 0.65 6.63 1.65
Table 4.5: Fatigue lives with different operation sequences at R=0.1
(BL=Baseline, OH=Open hole)
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Figure 4.20: Effect of the operations sequence: σmax vs fatigue lives of tested
specimens
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CHAPTER 5
Numerical Evaluation of LSP Treatment of Open-hole
Specimens
A simple FEM model in Abaqus is developed to predict numerically the
effect of LSP treatment on open-hole specimens.
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5.1 Introduction
Considering that it has been proven experimentally that the sequence of
operations plays a crucial role in increasing the fatigue life of the treated
specimens, it was decided to further investigate this aspect numerically.
In addition, measurement of residual stresses along the depth of the hole
is very difficult, and even though some attempts to measure this distribution
have been done (synchrotron measurement) or will be done in the near future
(contour measurement), none has proven effective so far.
It is possible to perform a simplified FEM analysis that allows to evaluate
qualitatively the influence of sequence of operations on the residual stress
distributions. The introduced hypotheses:
• the FEM model considered only the central part of the dog-bone speci-
men (50x25x3 mm)
• the boundary conditions were simulated according to the experimental
setup (see Figure 4.5)
• instead of simulating 625 small circular peens per square cm, resulting
in an analysis with over 5000 steps, one large square spot was simulated
(peen size 8x8 mm), allowing to reduce drastically the analysis times.
• the LSP treatment was simulated as it was performed experimentally
(one specimen side at the time)
• the experimental laser pulse duration was 9 ns. The FEM analysis,
on the other hand, simulates the pressure pulse on the surface of the
specimen caused by the laser pulse, and this pressure pulse has the
duration of about twice the duration of the laser pulse [8]
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5.2 FEM analysis of LSP
5.2.1 Analysis procedure
The analysis is performed using a commercial finite element code ABAQUS.
The analysis is composed of a loading step in which the peen is applied, and
a relaxation step during which the model returns in an equilibrium state.
Both loading and relaxation steps were performed in ABAQUS/Explicit, as
suggested in [19, 8].
It is important to ensure that the loading and the relaxation steps are
long enough to allow the shock waves caused by the laser peen to become
completely elastic and to reach a constant state. In order to achieve this it is
important that the duration of the explicit analysis is at least two orders of
magnitude longer than the duration of laser pulse [20]. In the present analysis
it was considered to be four order of magnitude longer.
5.2.2 Material Model
One of the approaches to FEM modelling of materials subjected to LSP
is dealing with Hugoniot’s elastic limit of a material (HEL), which is the
compressive yield strength of the material under a shock condition that
takes into consideration the increase of the material’s yield strength with the
increase of strain rate [18].
Assuming that the yielding occurs when the stress in the direction of the
wave propagation reaches the HEL, the dynamic yield strength under uniaxial
strain conditions can be defined in terms of the Hugoniot’s elastic limit by:
σy,dynamic = HEL
1− 2ν
1− ν (5.1)
A shock wave causes plastic strain at a depth at which the peak stress no
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longer exceeds HEL of the metal. For the explicit part of the analysis using
HEL material model with the assumption of perfectly elastic-plastic target
material and the Von Mises yielding criterion, the plastic strain is supposed
to be bounded:
p =
2HEL
3λ+ 2µ
(5.2)
according to the Ballard’s model [21], and it corresponds to the stress state
of 2HEL.
The modelling approach to LSP used in this thesis is based on a model
proposed by Johnson and Cook [22], which represents the von Mises flow
stress in form:
σ = (A+Bneq)
[
1 + C ln
( .

.
0
)][
1−
(
T − T0
Tm − T0
)m]
(5.3)
dividing in three distinct parts: the plastic strain, the strain rate and the
temperature effects (the increase of temperature in LSP treatment can be
disregarded).
The material constants for Johnson-Cook model for 6082-T6 can be found
in the literature [23], for the strain rate of 1.05x104 s−1, Table 5.1.
A B n C m Ref.
428.5 327.7 1.008 0.00747 1.31 [23]
Table 5.1: Johnson-Cook parameters for 6082-T6
To model the elastic-plastic material behaviour an equation of state was
used: with Johnson-Cook plasticity material model, ABAQUS enables to use
Mie-Grueneisen equation of state [24]. The material’s volumetric response is
governed by the equation of state (EOS) model, while the deviatoric response
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is governed by the linear elastic shear (elastic part of the shear behavior must
be defined) and the plasticity model.
P = PH
(
1− Γ0η
2
)
+ Γ0ρ0Em (5.4)
Table 5.2 gives the values used for defining the equation of state [25].
ρ
(kg/m3)
C0
(km/s)
S1 Γ0
2703 5.24 1.4 1.97
Table 5.2: EOS Properties of Al 6082-T6
5.2.3 Model definition
The size of the analyzed specimen was 50x25x3 mm with an open hole of
5 mm in diameter (Figure 5.1).
Figure 5.1: Geometry considered in the simulation
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Two models were considered:
1. in the first one the load was applied after the hole was realized
2. in the second one the hole was realised after the LSP treatment simu-
lation, using the model change command available in ABAQUS. This
command deactivates the elements that have to be removed, simulating
effectively the realization of the hole.
The mesh in the peen region (the central part of the specimen with the
open hole) was obviously denser, with the element size of about 0.3 mm.
The mesh of both the models has been realized using compatible mesh seeds
(Figure 5.2). Total number of elements used is 49560 CD38R solid 3D elements,
51920 if the hole is realised after the LSP treatment.
(a) Hole + LSP (b) LSP + hole
Figure 5.2: Mesh in the area of the hole
Encastre boundary condition were defined on two edges of the specimen
as illustrated in Figure 5.3
Since the pressure pulse decay time is much slower than for the laser pulse
[5] (because of plasma confining effects), for a laser setup with full width
at half-maximum (FWHM) pulse duration time of 9 ns, the pressure pulse
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(a) Hole + LSP (b) LSP + hole
Figure 5.3: Boundary conditions and loading definition
duration FWHM time for numeric analysis was taken to be 20 ns. This
corresponds well to the input parameters presented in [8], where measured
experimental pressure durations were 20-25 ns for 10 ns laser pulses.
Loading was defined on a square peen as surface pressure trapezoidal
pulse, as reported in Table 5.3.
0 ns 5 ns 20 ns 25 ns
0 GPa 2 GPa 2 GPa 0 GPa
Table 5.3: Loading definition
5.3 Results
The aim of the FEM simulation was to obtain the qualitative distribution
of residual stresses along the depth of the specimen at the edge of the hole
which is very difficult to measure experimentally. For this reason it was
decided to measure σ1 along the path in Figure 5.4.
67
Chapter5. Numerical Evaluation of LSP Treatment of Open-hole Specimens
(a) Hole + LSP
(b) LSP + hole
Figure 5.4: Path along which σ1 are read
Figure 5.5 illustrates the residual stress distribution obtained in both
cases.
Even with an extremely simplified simulation of the LSP process as this
one, it can be noted that:
• if the LSP treatment is realized after the hole is done, some tensile
stresses develop inside the hole. This result is in line with the reduction
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Figure 5.5: Residual stresses distribution along the path
of fatigue life in comparison with the base line specimens. It would also
support the hypothesis that the nucleation of the cracks begins inside
the specimen and not on the surface where it would be expected (by
observation of fracture surface of the 7075-T73 specimens).
• if the hole is realized after the LSP treatment, the residual stress distri-
bution is completely in compression. This result supports the increased
fatigue life of the dog-bone specimens measured with experimental tests.
• there is a visible asymmetry in the distribution of the residual stresses
between the two faces of the specimen in the case of the open hole
specimen. This numerical finding is in line with the residual stress
measurements performed with X-ray technique at the Open University.
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It is important to note that the residual stress distributions obtained with
this simulation, are in line with the experimental results of fatigue life of the
specimens even if the simulation is ideal, meaning that it does not account
for effects like plasma lens or damage to the hole.
It is also important to compare the residual stress distributions, when
the hole is realized after the LSP treatment is performed. In Figure 5.6 it is
clearly visible the redistribution of residual stresses once the hole is realized.
Figure 5.6: Residual stresses distribution along the path before and after the
hole is realized
Another consideration is reserved to the case of simultaneous treatment
on the both sides of the specimens, as suggested in the literature [13]. In
this case, the FEM analysis was performed by simulating the laser peen on
both sides of the specimen and the results are given in Figures 5.7 and 5.8.
70
Chapter5. Numerical Evaluation of LSP Treatment of Open-hole Specimens
It can be seen that the residual stress profiles is symmetric in respect to the
center line and, while in the case of the hole + LSP specimen the results
are not showing significant difference, Figure 5.7, the case of LSP + hole
specimen shows drastically different behaviour, Figure 5.8. The later result
clearly indicates the importance of the simultaneous peening on both side
of the specimen, since treating one side at the time introduces asymmetric
residual stress profiles and, furthermore, does not reach the same levels of
compressive residual stresses in the mid-section of the specimen, as in two
side simultaneous treatment. The shape of the residual stress distribution
in the LSP + hole case, two side peening is the result of the interaction of
shock waves.
Figure 5.7: Residual stresses distributions for the case hole + LSP. The effect
of simultaneous peening
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Figure 5.8: Residual stresses distributions for the case LSP + hole. The effect
of simultaneous peening
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CHAPTER 6
Conclusions and Future Work
This final chapter presents the most important conclusions deriving from
this work. Given the time at disposal and the nature of this work (a mas-
ter thesis), there was no possibility to conclude this activity repeating the
campaign on the 7075-T73 and to carried out the comparison with the con-
ventional technologies (cold working and stress wave), original objective of
this work. Therefore in this thesis are also suggested the next steps in order
to conclude the activity.
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6.1 Conclusions
The obvious result of the experimental campaign carried put for this thesis
work is that LSP technology, even if very efficient in treatment of metallic
materials, can indeed introduce detrimental effects in treated specimens. It is
therefore crucial to determine correct parameters for the process, taking into
account the sequence of operations, as well.
From the results obtained in this thesis, the following conclusions can be
drawn:
• LSP needs to be optimized for every application used, specially when it
comes to low thickness specimens
• In the initially examined configuration (dog-bone open hole specimen,
direct ablation), LSP turned to have detrimental effects to the treated
specimen
• Additional investigations have excluded roughness effects as the cause
of the premature fatigue failure
• Obtained results suggest that the tensile residual stresses are the cause of
shorter fatigue lives, confirmed by preliminary synchrotron measurement
and to be further investigated
• The experimental campaign on 6082-T6 has shown that the sequence
of operations plays a crucial role in increasing the fatigue life of the
treated specimens
• If the hole is realized after the LSP treatment is performed on the
specimen, the fatigue life increase is up to 3 times more than the life of
the base line specimens.
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• If the hole is realized before the LSP treatment is performed on the
specimen, the fatigue life decrease is about 3 times less than the life of
the base line specimens.
• Given the difficulty of realizing measurement of the residual stress
distribution along the hole, a qualitative approach can be realized
numerically using a simplified simulation of the LSP treatment.
• The distributions of residual stresses obtained numerically, have indeed
shown difference between the results relative to the realization of the
hole before or after the LSP treatment, and their nature corresponds to
the experimental findings.
• From the numerical activity it can be seen that realizing the LSP
treatment one side at the time is not the best option, performing it
simultaneously on both sides should give better results in the terms of
compressive residual stresses and so fatigue life.
6.2 Future work
In the optics of the most recent findings of this thesis work, it would be
advisable to start fresh a new campaign of LSP treatment on Al 7075-T73
dog-bone specimens, with the right optimization of the LSP process. The
hole will have to be realized after the treatment, according to the results
obtained during the 6082-T6 campaign. After testing these specimens for
fatigue life a comparison should be done with more conventional technique as
cold working and stress wave treatment.
As for future development of the LSP treatment itself, there are still many
options to be considered:
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• the use of coating
• the use of a square spot instead of the circular one, which would make
the overlap much more precise
• the use of a more powerful laser source which could allow a bigger spot
(possibly square) decreasing or eliminating the overlap
• simultaneous treatment of both sides of specimen by splitting the laser
beam, which would reduce the encountered asymmetry of the residual
stress field and the subsequent bending of the specimens
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2. G. Ivetic, E. Troiani, I. Meneghin, G. Molinari, J.L. Ocan˜a, M. Morales,
J. Porro, A. Lanciotti, V. Ristori, C. Polese, A. Venter, Character-
isation of fatigue and crack propagation in laser shock peened open
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